Magnesium silicide is a promising eco-friendly thermoelectric material. Its constituent elements are non-toxic and exist in abundance in the Earth s crust. To improve thermoelectric performance of the material, reduction of thermal conductivity is required. In this study, we attempted to lower the thermal conductivity of Al-doped Mg 2 Si by milling of the powder and addition of calcium oxide nanoparticles (CONP). Grain size distribution and thermoelectric properties in the sintered samples were measured. Furthermore, in uence of CONP addition on grain growth was investigated after heat treatment at 500 C for 50 h in an argon gas atmosphere. Milling process was effective enough to grain re nement, but CONP addition had little effect on it. The thermal conductivity was reduced in the milling treated samples regardless of CONP addition. The milling treated sample without CONP addition had the best thermoelectric performance of ZT = 1.15 at 600 C. The samples with CONP addition, however, resulted in degradation of thermoelectric performance at high temperature. The heat treatment brought to the grain growth for the sample without CONP addition and resulted in degradation of thermoelectric performance, while the sample with CONP addition inhibited the grain growth after the heat treatment and maintained the thermoelectric performance.
Introduction
Dimagnesium silicide compound is one of the promising n-type thermoelectric materials which are suitable for the thermoelectric generation using waste heat with temperature range of 300 600 C. The compound has the advantages that it is lightweight (true density = 1.99 Mgm ) and consists of abundant and non-toxic constituent elements in the Earth s crust. In general, three kinds of thermoelectric properties of the Seebeck coef cient, the electrical resistivity and the electron thermal conductivity depend on the carrier concentration and the carrier mobility. Many researchers had studied theoretically and experimentally on the dopants [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] for improving the thermoelectric properties of Mg 2 Si by controlling the carrier concentration and the carrier mobility.
Aluminum is known as a promising dopant capable of improving the thermoelectric performance of Mg 2 Si. The thermoelectric properties of the Al-doped Mg 2 Si compounds synthesized by the different production method have been reported in some experimental studies [8] [9] [10] [11] . In our previous work 11) , we synthesized the Al-doped Mg 2 Si compound using a liquid-solid phase reaction (LSPR) method, and solidi ed it using a pulse discharge sintering (PDS) method. We reported that the Al addition of 1.0 at.% leads to improving the thermoelectric performance of the Mg 2 Si compound and reaches to the dimensionless gure of merit ZT of 0.86 at 600 C. It is noted that the PDS method is synonymous with a spark plasma sintering (SPS) method or a pulsed current sintering (PCS) method.
Reduction of the lattice thermal conductivity which does not depend on the carrier concentration only in the thermoelectric properties is effective for further improving the thermoelectric performance. Thermal vibrations of the crystal lattice, which results in the equilibrium position of the atoms or ions bonding near the lattice, contributes to heat conduction as wave motion in the state of thermal gradients. In the case of moving of the phonon having a particle nature, the scattering of phonons occurs based on the several types of scattering mechanism (Umklapp phonon-phonon scattering mechanism, phonon-impurity scattering mechanism, phonon-electron scattering mechanism and phonon-grain boundary scattering mechanism), and it has an effect of reducing the lattice thermal conductivity by delaying the heat ux 12) . In our previous study on the skutterudite thermoelectric materials [13] [14] [15] , we reduced the thermal conductivity by homogeneously dispersing the nanosized materials of fullerenes, carbon nanotubes and alumina nanoparticles in the CoSb 3 based compounds, and successfully improved the thermoelectric performance. Furthermore, we reported that a similar effect exists in the higher manganese silicide by homogeneously dispersing the alumina nanoparticles 16) . In this study, we focused on the phonon-grain boundary scattering and the phonon-impurity scattering. And we attempted to reduce the thermal conductivity of the Mg 2 Si based compound and to improve the thermoelectric performance by both grain re nement and homogeneously dispersion of the CaO nanoparticles (CONP) which are thermodynamically stable and does not react with Mg 2 Si during sintering. Furthermore, we carried out a long-term heat treatment of the milling treated samples at high temperature in an inert gas atmosphere, and investigated the effect of CONP addition on the grain growth and the thermoelectric performance.
Experimental Procedure

Raw materials
We used the raw material powders, Mg powder (purity: ≥99.9 %, particle size: ≤180 μm), Si powder (≥99.9 %, ≤75 μm) and Al powder (≥99.9 %, 106 180 μm) for synthesizing Al-doped Mg 2 Si compound. These powders were supplied from Kojundo Chemical Laboratory Co., LTD, Japan.
The calcium oxide nanoparticles (CONP) were selected as nanosized oxide for adding to the Al-doped Mg 2 Si compound. The CONP were supplied from Strem Chemicals Inc., USA, of which the crystallite size was 20 nm or less (catalog characteristic value). Though the mean particle size of it is not known, it has a speci c surface area of 90 m 2 g −1 or more (catalog characteristic value). From the speci c surface area, we can estimate the equivalent diameter of 22 nm or less.
Synthesis process of Al-doped Mg 2 Si compound
Al-doped Mg 2 Si was synthesized under the condition of magnesium rich composition (Mg preparation amount of 67.0 at.%) using LSPR method at 680 C for 1 h under an argon gas atmosphere. The addition amount of aluminum used was 1.0 at.% with which the maximum thermoelectric performance was obtained in the previous work 11) . The LSPR was carried out using an infrared gold image furnace (P610, ULVAC-RIKO, Inc., Japan). After synthesis and hand-pulverization in a mortar, unreacted metals were removed by powder separation with 74 μm sieve.
Simultaneous process of pulverization and CONP
addition Pulverization of the synthesized powder and mixing with the CONP for homogeneous dispersion were simultaneously carried out using a planetary ball mill equipment (Premium-line P-7, FRITSCH Japan Co., Ltd, Japan). The amount of CONP addition was 0, 0.1, 0.5 and 2.0 vol.%, and the weighing and addition of the CONP were carried out under an argon gas atmosphere. Both of mill pot (volume: 45 ml) and balls (diameter: 5 mm) used in the planetary ball mill equipment were made of zirconia. Total volume of the synthesized powder and the CONP was 1/10 of the volume of balls. After sealing the mill pot under an argon gas atmosphere for preventing oxidation, the powder mixture including CONP was milled and uniformly mixed using the planetary ball mill equipment at 250 rpm for 30 min.
Sintering process and long-term heat treatment
The milled powder mixture was sintered by PDS method (SPS1050, SPS Syntex, Inc., Japan) at 730 C for 30 min under 30 MPa in a vacuum. The sintering temperature of 730 C is based on the temperature determined in our previous work 17) . We made the ve kinds of sintered samples named Milling-0%CONP, Milling-0.1%CONP, Milling-0.5%CONP, Milling-2.0%CONP and Nonmilling-0%CONP (for comparison). Furthermore, a heat treatment (HT) at 500 C for 50 h in an argon gas atmosphere was carried out using the infrared gold image furnace with respect to the Milling-0%CONP and the Milling-0.1%CONP samples.
Microstructure observation and grain size measurement
The dispersion state of CONP in the Al-doped Mg 2 Si compound was investigated by mapping of calcium element in cross section of the sintered samples using a scanning electron microscope (SEM) with energy dispersive X-ray (EDX) microanalysis (SEMEDX IIIType-N, Hitachi High-Technologies Corp., Japan). In order to investigate the grain size distribution, we measured the grain sizes from the SEM image of the buffed cross section of sintered samples as equivalent circle diameter using an image analyzing software (A-zoukun, Asahi Kasei Engineering Corp., Japan). The grain size distribution was estimated by statistical treatment.
Measurements of thermoelectric properties and
density of sintered samples The relative density of the sintered samples was calculated by dividing the apparent density obtained from the external dimensions and weight of a sample by the true density. In order to investigate the effects of CONP addition and heat treatment on the thermoelectric properties, we measured the Seebeck coef cient S and the electrical resistivity ρ using a thermoelectric evaluation system (ZEM2, ULVAC-RIKO, Inc., Japan) and the thermal conductivity κ using a thermal property measurement system (TC7000, ULVAC-RIKO, Inc., Japan) at temperature of room temperature to 600 C. The dimensionless gure of merit ZT indicating an index of thermoelectric performance was calculated from the thermoelectric properties based on the relation, ZT = S 2 T/ρκ. In the measurements of the thermoelectric performance and the grain size distribution of the sample before and after the heat treatment, the same samples were used.
Results and Discussions
Effects of grain re nement and CONP addition on thermoelectric properties 3.1.1 Grain re nement by pulverization
Figures 1 (a), (b) and (c) show SEM images of the cross sections in the Nonmilling-0%CONP, the Milling-0%CONP and the Milling-0.1%CONP samples, respectively. The white parts in the images represent the parts at which the nanoparticles of alumina abrasive exist. The grain boundaries were carved preferentially by the alumina abrasive during buf ng, then the nanoparticles of alumina abrasive lled into the formed depressions. As the result, the grain boundaries in the samples became clearly visible. The milling process brought to great reduction of the grain size regardless of CONP addition.
The cumulative grain size distributions in the samples prepared with different manners are shown in Fig. 2 , and the sta- Though the degradation in the sinterability by the CONP addition was feared, the remarkable reduction of the relative density was not con rmed in this study. It is considered that the binding between Mg 2 Si particles and the pulsed current ow during PDS were not prevented by the small amount of CONP addition. The Nonmilling-0%CONP sample had the grain size distribution with very large mean grain size and distribution width. On the other hand, the grain size in the milling treated samples was greatly reduced regardless of the CONP addition. Both the mean grain size and the distribution width of the Milling-0%CONP sample were the smallest in all samples. The grain size distributions in the milling treated samples (Milling-0.1%CONP, Milling-0.5%CONP and Milling-2.0%CONP) resulted in almost same. From the result of the calcium element mapping of the cross section in the Milling-2.0%CONP sample, furthermore, we con rmed that the CONP was dispersed homogeneously in the grain boundaries of Al-doped Mg 2 Si compound.
Electrical resistivity and Seebeck coef cient
The temperature dependence of the electrical resistivity in the samples is shown in Fig. 3 . The electrical resistivity of the Milling-0%CONP sample was higher than that of the Nonmilling-0%CONP sample. It is thought that the increment of electrical resistivity was caused by enlargement of the grain boundary scattering on carrier transport by grain re nement. The Milling-0.1%CONP and the Milling-0.5%CONP samples increased the electrical resistivity over all temperature range in comparison with the Nonmilling-0%CONP. It is considered that the electrical resistivity increment was caused by enlargement of the carrier scattering based on the grain re nement and the homogeneous dispersion of nanosized inclusions and by the effect of mixture law by addition of the CONP having high resistivity of >10 12 Ωm at room temperature 18) . In the comparison between the samples with CONP addition (Milling-0.1%CONP and Milling-0.5%CONP) and the sample without CONP addition (Milling-0%CONP), the resistivity slightly decreased in the low temperature range and increased in the high temperature range. Though the resistivity reduction in the low temperature cannot be sufciently explained, the resistivity increment in the high temperature would be caused by enlargement of the carrier scattering based on the homogeneous dispersion of nanosized inclusions and by the mixture law, as mentioned above. In the Milling-2.0%CONP sample with further amount of CONP addition, the resistivity drastically increased over all temperature range. It is considered that the large increment of resistivity was caused by remarkable workings of these effects.
In the temperature dependence of the Seebeck coef cient shown in Fig. 4 , there was hardly any difference among the samples except for the Milling-2.0%CONP sample. Only in the Milling-2.0%CONP sample, the absolute value of the Seebeck coef cient in the high temperature range was decreased. It is considered that the increment of carrier concentration by which CONP worked as carrier generation source by thermal excitation at high temperature brought the reduction of absolute value of the Seebeck coef cient in the case of large amount of CONP addition 19) .
Thermal conductivity
The temperature dependences of the thermal conductivity κ and the lattice thermal conductivity κ L are shown in Figs. 5 (a) and (b), respectively. The thermal conductivity κ is represented as the sum of the electron thermal conductivity κ E and the lattice thermal conductivity κ L . The electron thermal conductivity κ E is in proportion to the absolute temperature T and the inverse of the electrical resistivity ρ based on the Wiedemann-Franz law. The lattice thermal conductivity κ L is calculated from the following equation.
where L is the Lorenz number and has the value of 2.44 × 10 −8 WΩK −2 obtained for free electron model. By comparison between Figs. 5 (a) and (b), it is found out that the temperature change in the total thermal conductivity κ in each sample was mostly dependent on the temperature change in the lattice thermal conductivity κ L and the fraction of the lattice thermal conductivity in the total thermal conductivity was very large over all temperature range. The thermal conductivity of the milling treated samples was decreased regardless of the amount of CONP addition. It is considered that the phonon scattering in the grain boundary expanded by the grain re nement chie y brought to the reduction of the thermal conductivity. But, the thermal conductivity of the Milling-2.0%CONP sample with large amount of CONP addition was increased. It is thought that this result was caused by the effect of mixture law due to large amount of CONP addition.
Bruggeman has proposed a relational expression with respect to the thermal conductivity of the composite materials 20) . The thermal conductivity κ m of the composite which is consist of two components with the thermal conductivities of κ 1 and κ 2 (κ 1 > κ 2 ) is represented with the following relation.
where ϕ 1 is the volume fraction of the component 1. On an assumption that the thermal conductivity of CONP is twice to ve times greater than that of the Al-doped Mg 2 Si compound, the thermal conductivity of the Milling-2.0%CONP sample will increase by 1.5 3.5 % from that of the Milling-0%CONP sample. Although the estimation does not quantitatively agree with the measurement, the increment of thermal conductivity of the Milling-2.0%CONP sample can be explained by this estimation.
Thermoelectric performance
The temperature dependences of the dimensionless gure of merit ZT which was calculated from the thermoelectric properties is shown in Fig. 6 . The thermoelectric performance of the Milling-0%CONP sample was improved by 34 % from that of the Nonmilling-0%CONP sample, and the maximum ZT of 1.15 was achieved at 600 C. In the Milling-0.1%CONP and the Milling-0.5%CONP samples, the thermoelectric performance was not suf ciently improved due to the electrical resistivity rise and the dulling of the thermal conductivity reduction. As the result, their performances were lower than that of the Milling-0%CONP sample. The thermoelectric performance of ZT = 0.76 at 600 C was obtained in the Milling-0.1%CONP sample. In the Milling-2.0%CONP sample with large amount of CONP addition, the great increment of electrical resistivity brought the great degradation of thermoelectric performance. Figure 7 shows the SEM images in the cross sections of the Milling-0%CONP and Milling-0.1%CONP samples before and after the heat treatment at 500 C for 50 h. From the cross section images of the Milling-0%CONP sample before and after the heat treatment as shown respectively in Figs. 7 (a) and (b), the grain growth was con rmed after the heat treatment. On the other hand, the CONP addition inhibited the grain growth after the heat treatment as shown in Figs. 7 (c) and (d).
Effect of CONP addition on grain growth and thermoelectric performance after heat treatment 3.2.1 Grain growth by heat treatment
The grain size distributions of the Milling-0%CONP and Milling-0.1%CONP samples before and after the heat treatment are shown in Fig. 8 , the statistical values estimated from the grain size distributions are listed in Table 2 . The distribution width became around two times in the Milling-0%CONP sample after the heat treatment in comparison with that of the same sample before the heat treatment. The grain growth after the heat treatment was quantitatively con rmed. In the Milling-0.1%CONP sample, in contrast, the grain growth after the heat treatment was controlled in comparison with that in the Milling-0%CONP sample. It is considered that the CONP homogeneously dispersed in the grain boundary prevented the moving of the grain boundaries based on the pinning effect and brought the inhibition of grain growth.
Thermoelectric properties
In order to verify the effect of the grain growth on the thermoelectric properties and the inhibiting effect of the grain growth by CONP addition, the thermoelectric properties before and after the heat treatment were measured in the Milling-0%CONP and the Milling-0.1%CONP samples. Though the electrical resistivity and the Seebeck coef cient were greatly affected by the amount of CONP addition, it was conrmed that these properties in the samples before and after the heat treatment at 500 C for 50 h in an argon gas atmosphere were hardly changed. Figure 9 shows the temperature dependence of the thermal conductivity in the Milling-0%CONP and the Milling-0.1%CONP samples before and after the heat treatment. In the Milling-0%CONP sample, the thermal conductivity increased by around 40 % over all temperature range due to the grain growth. On the other hand, the thermal conductivity in the Milling-0.1%CONP sample in which the inhibition of the grain growth was con rmed remained in a slight increase.
Thermoelectric performance
The temperature dependence of the dimensionless gure of merit ZT in the Milling-0%CONP and the Milling-0.1%CONP samples before and after the heat treatment is shown in Fig. 10 . In the Milling-0%CONP sample after the heat treatment, the thermoelectric performance at 600 C was degraded by 30 % and the value of ZT became to 0.80. The degradation of the thermoelectric performance remained by around 4 % and the value of ZT at 600 C became to 0.73 in the Milling-0.1%CONP sample after the heat treatment. It is considered that the CONP addition prevented the moving of the grain boundary based on the pinning effect and contributed the inhibition of the thermoelectric performance degradation by the grain growth.
Conclusion
In this study, the pulverization of the synthesized Al-doped Mg 2 Si compound powder and the homogeneous dispersion of CONP in the compound were carried out to furthermore improve the thermoelectric performance by reduction of the thermal conductivity. As the results, the following knowledges were obtained.
(1) The milling process brought to the large reduction of the grain size in the sintered body. In the sample without CONP addition, the milling process increased the electrical resistivity in the lower temperature range, hardly changed the Seebeck coef cient and decreased the thermal conductivity over all temperature range. This resulted in the 34 % improvement of thermoelectric performance and ZT achieved to 1.15 at 600 C. (2) In the milling treated sample with CONP addition, the thermoelectric performance did not improve due to the increases of the electrical resistivity and the thermal conductivity with increasing the amount of CONP addition. (3) After the heat treatment at 500 C for 50 h in an argon gas atmosphere, the grain growth was occurred in the milling treated sample without CONP addition. The thermoelectric performance was decreased by 30 % due to the increase of the thermal conductivity. On the other hand, the grain growth in the milling treated sample with CONP addition was inhibited after the heat treatment, and the degradation of the thermoelectric performance was only about 4 %. Fig. 10 Temperature dependence of dimensionless gure of merit for the grain-re ned and the CONP-added samples before and after heat treatment (HT) at 500 C for 50 h. Fig. 9 Temperature dependence of thermal conductivity for the grain-rened and the CONP-added samples before and after heat treatment (HT) at 500 C for 50 h.
